Abstract Increased bone marrow adiposity is a common feature of advanced age, obesity and associated metabolic pathologies. Augmented numbers of marrow adipocytes positively correlate with dysregulated bone remodeling, also a well-established complication of metastatic disease. We have shown previously that marrow adiposity accelerates prostate tumor progression in the skeleton and promotes extensive destruction of the bone; however, the factors behind adipocyte-driven osteolysis in the skeletal tumor microenvironment are not currently known. In this study, utilizing in vivo diet-induced models of bone marrow adiposity, we reveal evidence for positive correlation between increased marrow fat content, bone degradation by ARCaP(M) and PC3 prostate tumors, and augmented levels of host-derived CXCL1 and CXCL2, ligands of CXCR2 receptor. We show by in vitro osteoclastogenesis assays that media conditioned by bone marrow adipocytes is a significant source of CXCL1 and CXCL2 proteins. We also demonstrate that both the adipocyte-conditioned media and the recombinant CXCL1 and CXCL2 ligands efficiently accelerate osteoclast maturation, a process that can be blocked by neutralizing antibodies to each of the chemokines. We further confirm the contribution of CXCR2 signaling axis to adiposity-driven osteoclastogenesis by blocking fat cell-induced osteoclast differentiation with CXCR2 antagonist or neutralizing antibodies. Together, our results link CXCL1 and CXCL2 chemokines with bone marrow adiposity and implicate CXCR2 signaling in promoting effects of marrow fat on progression of skeletal tumors in bone.
Introduction
Bone is a complex and dynamic organ that plays critical roles in hematopoiesis, inflammation, metabolism, and structural support [1, 2] . Multiple cell types, factors, and events within bone marrow niche participate in maintaining and protecting normal bone homeostasis [1] , a state which is often disturbed by diseases associated with inflammation and enhanced bone remodeling, such as osteoporosis, diabetes [3] [4] [5] , rheumatoid arthritis [6] , and metastatic cancers of the breast and prostate [7] . One important component of the bone marrow is the adipocyte, a cell type with capabilities of storing and secreting fatty acids, adipokines, inflammatory factors and performing specialized, metabolically important functions [3, 4, 8] . It is well established that adipocyte numbers in bone marrow niche increase greatly with advanced age, obesity, and associated metabolic pathologies [1, 3, 4] . There is also growing laboratory and clinical evidence that their numbers are inversely correlated with bone mineral density (BMD) [1, 3, [9] [10] [11] [12] .
Localization of marrow fat to the trabecular area of the bone, the site of active remodeling, is an indication of its involvement in bone degradation [3] . Several different factors have been proposed as links between increased marrow adiposity and dysregulated bone health. They include a shift in mesenchymal cell lineage commitment from osteoblast to adipocyte resulting in reduced bone mass acquisition [8, 10, 13] , fatty acid-driven acceleration of osteoclast differentiation and prolonged survival [14] , enhancement of PPARc2 expression [15, 16] , and increased levels of pro-osteoclastic cytokines: macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor jB ligand (RANKL) [3, 10] . Whether adipocytes can supply additional factors to support and enhance normal M-CSF/RANKL-driven osteoclastogenesis is not well understood.
Studies in mouse models of high fat diet (HFD)-induced marrow adiposity have linked decreases in trabecular bone volume and reduced BMD with upregulation of bone-degrading proteases such as cathepsin K, escalated levels of proinflammatory cytokines, particularly interleukin 6 (IL-6) and tumor necrosis factor a (TNF-a), and decreases in levels of IL-10, a negative regulator of osteoclastogenesis [11, 12, [17] [18] [19] . We have shown recently that levels of two additional host-derived inflammatory factors, CCL2 and COX-2, are highly escalated in mice on HFD [1] . We have also reported that an increase in marrow fat content has promoting effects on growth and progression of skeletal prostate tumors [20] , a finding in line with previous studies indicating that fatty marrow is a depot of host-derived factors that create a favorable environment for tumor colonization and progression in bone [21, 22] .
One class of chemotactic factors known to promote inflammation and support tumor growth is the CXC chemokine family, specifically CXCL1 and CXCL2 [23] . Both chemokines bind to the G-protein coupled receptor CXCR2 (IL-8RB) expressed on macrophages, neutrophils, and epithelial cells [24] [25] [26] and their classical function is to act as chemotactic factors attracting neutrophils to sites of injury [23] . Little is currently known about the potential role(s) of CXCR2 and its ligands in osteoclast formation and maturation. Limited studies to date link CXCR2 signaling with osteoclastogenesis through another CXCR2 ligand, interleukin 8 (IL-8) in human monocytes [27] , and only recently begin to point to a possible involvement of CXCL1 and CXCL2 in osteoclast precursor migration and/ or differentiation [28, 29] . The activation of CXCR2 and overexpression of its ligands have been noted as one of the key regulatory mechanisms in melanoma, pancreatic cancer, and non-small cell lung carcinoma (reviewed in [30] ); however, the function of CXCR2 signaling in adipocytedriven dysregulation of bone homeostasis, particularly in a context of tumor-induced osteolysis of the bone, is not known.
The objective of the present study was to examine the role of CXCL1/CXCL2 chemokines and their receptor CXCR2 in adiposity-induced osteoclastogenesis and prostate tumor-driven osteolysis of the bone. Using an in vivo diet-induced obesity (DIO) model, a documented approach to induce significant marrow adiposity [1, 4, 11, 18, 20] we demonstrate positive correlation between increased marrow fat content, augmented levels of host-derived CXCL1 and CXCL2, and bone degradation by ARCaP(M) and PC3 prostate tumors. Via in vitro osteoclastogenesis assays, we also show that media conditioned by bone marrow adipocytes accelerates osteoclast differentiation and increases expression of proteolytic genes critical for osteoclast formation and function. We further reveal that bone marrow adipocytes are a significant source of CXCL1 and CXCL2 chemokines, secretion of which is potentiated by adipocyte-tumor cell interactions. We directly confirm the contribution of CXCR2 signaling axis to adipocyte-driven osteoclastogenesis by neutralizing the activity of either the CXCL1/CXCL2 ligands or their receptor. Collectively, our results reveal a new mechanism of bone marrow adipocyte involvement in tumor-driven osteolysis of the bone.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM), minimum essential medium (MEMa), tartrate resistant acid phosphatase (TRAcP) staining kit, and other chemicals, unless otherwise stated, were obtained from Sigma (St. Louis, MO). Fetal bovine serum (FBS) was from Invitrogen (Carlsbad, CA). Rabbit anti-human/mouse cathepsin K antibody was from Abcam (Cambridge, UK). Rabbit antihuman/mouse ß-actin antibody was from Novus Biologicals (Littleton, CO). Monoclonal mouse anti human CXCR2 antibody, recombinant mouse CXCL1 and CXCL2, goat anti-mouse CXCL1 and CXCL2 neutralizing antibodies, macrophage-colony stimulating factor (M-CSF), receptor activator of NFjB ligand proteins (RANKL) and Quantikine mouse CXCL1 and CXCL2 ELISA kits were from R&D Systems (Minneapolis, MN). Immunoblotting ''Western Lightning ECL Plus'' and ''Luminata Forte Western HRP Substrate'' detection kits were from Perkin Elmer LLC (Waltham, MA) and Millipore (Billerica, MA), respectively. RNeasy Mini Kits were from Qiagen (Valencia, CA).
Animals
All experiments involving mice were performed in accordance with the protocol approved by the institutional Animal Investigational Committee of Wayne State University and NIH guidelines. In vivo xenograft studies were performed in 8-to 10-week old male mice in the FVB/N background with homozygous null mutations in the Rag-1 gene (FVB/N/N5, Rag-1 -/-). Mice were bred inhouse.
Diets
At 5 weeks of age, mice caged in the groups of 4 were started on either a low-fat (LFD; N = 9) diet (10 % calories from fat; Research Diets no. D12450Bi) or a high-fat (HFD; N = 11) diet (60 % calories from fat; Research Diets no. D12492i) as previously described [20] . Mice were maintained on respective diets for 8 weeks prior to and 6-8 weeks following the tumor implantation into bone (total of 16 weeks).
Cell lines
PC3, an androgen-independent osteolytic cell line derived from a bone metastasis of a high-grade adenocarcinoma were purchased from American Type Culture Collection (Manassas, VA, USA). ARCaP(M), an androgen-repressed metastatic prostate cancer cells M ('Mesenchymal' Clone) were purchased from Novicure Biotechnology (Birmingham, AL, USA). The ARCaP(M)-DsRed cell line was established by stable transfection with pDsRed2-N1 as previously described [31] . L929 cells (source of M-CSF for osteoclast precursors) were cultured in DMEM containing 10 % FBS until confluent and conditioned media was collected, centrifuged, and stored at -80°C until ready for use. Cells were cultured in DMEM supplemented with 10 % FBS. All cells were maintained in a 37°C humidified incubator ventilated with 5 % CO 2 .
Intratibial injections of tumor cells
Intratibial tumor injections were performed under isoflurane inhalational anesthesia according to previously published procedures [31] . Briefly, a cell preparation containing 5 9 10 5 of PC3 or ARCaP(M) cells in PBS (20 ll, right tibia), or PBS alone (control, 20 ll, left tibia) was injected into the bone marrow. 6 or 8 weeks postinjection (for PC3 and ARCaP(M) cells, respectively) mice were euthanized, and control and tumor-bearing tibiae were removed and imaged ex vivo. X-ray images were obtained using a Carestream XVivo Multimodal Animal Imager. Half of the intratibial tumor samples from each group were then fixed in Z-fix, bone tumors were decalcified, and all samples were embedded in paraffin. The 5 lm longitudinal sections from tibiae were deparaffinized, and stained with tartrate resistant acid phosphatase (Sigma) according to the manufacturer's instructions. Digital images were captured under 95 and 910 magnification using a Zeiss Scope A.1 conventional light microscope with CCD camera. Remaining tissues were snap-frozen in liquid nitrogen, powderized using a tissue pulverizer and RNA was isolated using Trizol and RNeasy Mini Kit.
Bone marrow adipocyte-conditioned media
Primary mouse bone marrow stromal cells (mBMSC) were isolated from femurs and tibiae of 6-to 8-week old FVB/N mice and induced to become bone marrow adipocytes as previously described [20] . Briefly, mBMSC cells were plated in 3D collagen I gels, grown to confluency for 48-72 h and treated with adipogenic cocktail (30 % StemXVivo Adipogenic Supplement, 1 lM insulin, 2 lM Rosiglitazone; DMEM and 10 % FBS) for 8-10 days. Differentiated bone marrow adipocyte cultures were cultured in serum-free DMEM for 12-16 h and media was collected, centrifuged, and stored at -80°C. Prior to use, serum-free medium collected from adipocyte cultures was diluted 1:1 with MEMa appropriate for osteoclast treatment and designated 'Adipo CM'. Cells were maintained in a 37°C humidified incubator ventilated with 5 % CO 2 .
Isolation of osteoclast precursor cells
Bone marrow macrophages (BMMs) were differentiated from primary murine bone marrow cells. Bone marrow was flushed from femurs and tibiae of 10 to 12-week-old FVB/N male mice with BMM growth medium (MEMa containing 20 % FBS and 30 % L929 conditioned media as the source of M-CSF [31] ). The cell suspension was plated on petri dishes and incubated for 4-5 days to obtain differentiated bone marrow macrophages (BMMs).
Osteoclast formation for tartrate resistant acid phosphatase staining
BMMs were seeded at a density of 250,000 cells per well in a 24-well dish on glass coverslips in BMM growth medium as described above and allowed to attach overnight. For osteoclastogenesis assays, cells were cultured with 1:1 ratio of MEMa and DMEM or Adipo CM containing 10 % FBS, 20 ng/mL M-CSF and 10 ng/mL RANKL. When indicated, assays were performed in the absence or presence of recombinant proteins to CXCL1 (0.5 lg/mL) and CXCL2 (0.25 lg/mL), neutralizing CXCL1/CXCL2 antibodies (3 lg/mL), CXCR2 neutralizing antibodies (5 lg/mL) or CXCR2 antagonist SB225002 (2.5 lM; from Cayman Chemical, Ann Arbor, MI). Every 48 h, half of the media was removed and replenished with fresh media supplemented with M-CSF, RANKL and appropriate treatment reagents. Data were collected from at least three independent experiments performed in duplicate. Osteoclasts were formed within 4-6 days and TRAcP staining was performed according to manufacturer's instructions.
Quantification of TRAcP-positive cells
TRAcP-positive cells that contained three or more nuclei were considered osteoclasts and counted. Six representative images per coverslip were captured using a Zeiss Scope A.1 conventional light microscope at 95 magnification to evaluate the number and surface area of osteoclasts per field. For each experimental condition, the total number and cell surface area of osteoclasts were manually counted using ImageJ software.
RNA and lysate isolation of osteoclasts
BMMs were seeded at a density of 500,000 cells per well in a 12-well dish for 24 h as described above. BMMs were then treated with RANKL and M-CSF in the presence or absence of Adipo CM. When indicated, cells were treated with recombinant CXCL1 and CXCL2 proteins, CXCL1/ CXCL2 neutralizing antibodies, CXCR2 blocking antibody, or CXCR2 antagonist SB225002 as described above. Following formation of mature osteoclasts, cells were washed three times with PBS, collected in SME lysis buffer (250 mM sucrose, 25 mM 2-(N-morpholino) ethanesulfonic acid (MES), 1 mM EDTA, 0.1 % Triton-X 100 pH 6.5) and stored at -80°C for future use. For RNA isolation, cells were washed with PBS cells and collected into RLT buffer and RNA purified according to the RNeasy Mini Kit instructions.
Adipocyte co-culture with PC3 tumor cells
For indirect adipocyte-tumor cell co-cultures, mBMSC cells were seeded in collagen I-coated 6-well plates, differentiated into adipocytes, and tumor cells were seeded on top of a transwell filter (0.2 lm pore size) to allow sharing of soluble factors between the two cell types. Cells were cultured as described for 48 h and serum-starved for additional 12-16 h prior to sample collection for analyses. For ELISA analyses, media were concentrated through 3 K Millipore centrifugal filters, and all samples were stored at -80°C for future use.
Taqman RT-PCR analyses
The cDNA from cells and in vivo samples was prepared from 1-2 lg of total RNA using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) as previously described [31] . The analyses of genes associated with bone remodeling and inflammation were performed using mouse-specific TaqMan Ò Individual Gene Expression assays for cathepsin K (Mm00484039), matrix metalloproteinase-9 (Mm00442991), calcineurin (Ms00432282), CXCL1 (Mm01354329), CXCL2 (Mm00436450), and DC-STAMP (Mm04209236). Assays were done on three biological replicates using TaqMan Ò Fast Universal PCR Master Mix and 25 ng of cDNA/well for RNA isolated from cells and 50 ng cDNA/well for in vivo samples. All reactions were run on an Applied Biosystems StepOnePlus TM system. In vivo data were normalized to HPRT1 (Mm00446968) and in vitro data were normalized to 18S (Mm03928990). DataAssist TM Software (Applied Biosystems) was used for all analyses.
Immunoblot and ELISA analyses
Lysates were equally loaded based on DNA concentrations as previously described [31, 32] . Proteins were electrophoresed on 12 % SDS-PAGE gels, transferred to PVDF membranes and immunoblotted for cathepsin K (1:500) and b-actin (1:5000). Secondary antibodies labeled with horseradish peroxidase were used at 1:10,000. Quantification and analyses of bands were performed using a Luminescent Image Analyzer LAS-1000 Plus (Fujifilm, Stamford, CT) and expressed as arbitrary units (AU) per square millimeter. For ELISA assays, media from each condition were diluted based on DNA concentrations in cell lysates and were run in duplicate according to manufacturer's instructions (R&D Systems). Optical density of each well was determined at 450 nm with correction wavelength set to 540 using TECAN-Infinite M200 PRO plate reader (Männedorf, Switzerland). The data were analyzed based on the standard curve values using a four parameter logistic (4-PL) curve-fit.
Cathepsin K activity assay
Enzymatic activity of cathepsin K was measured in cell lysates utilizing the fluorescent substrate Z-Glycine-Proline-Arginine-7-amido-4-methylcoumarin-HCl (Z-Gly-ProArg-AMC) from Bachem Chemical (100 lM; Torrance, CA). The reaction was performed in the presence of the selective inhibitor to Cathepsin B, CA074 (1 lM) to eliminate the activity due to cathepsin B-mediated cleavage of Z-Gly-Pro-Arg-AMC [32] . The progress of the reaction was monitored every minute for a period of 30 min on a Tecan SpectraFluor Plus plate reader. Results of activity assays are expressed as maximum fluorescence units formed per minute. Equal amounts of cell lysate were used based on DNA concentrations in cell lysates.
MTT assay
BMMs were seeded at a density of 20,000 cells per well in a 96-well in MEMa media with 15 % L929 conditioned media and 10 % FBS. After 24 h, cells were treated with DMSO (control) or increasing concentrations of SB225002 or CXCR2 neutralizing antibody. Cells were retreated after 48 h and Vybrant Ò MTT Cell Proliferation Assay kit (Life Technologies) was performed after 4 days. Conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan by viable tumor cells was measured at 540 nm according to manufacturer's instructions using Infinite Ò F200 Pro plate reader.
Statistical analyses
All data analyses were performed using GraphPad Software version 6.05. Data were presented as mean ?/-SEM and statistically analyzed using Student's t test. For three or more groups, one-way analysis of variance was used.
Results
Bone remodeling is increased in tibiae of mice with increased marrow adiposity
Bone marrow adiposity has been linked to changes in bone density, increased numbers of osteoclasts, fewer numbers of osteoblasts, and accelerated growth of prostate cancer in bone [33, 34] . We have shown previously that mice fed HFD have more adipocytes in the bone marrow compared to low fat diet (LFD) control mice [20] . We have also demonstrated that the increased marrow adiposity promotes growth and progression of PC3 prostate tumors in bone [20] . Based on these findings we investigated the effects of increased marrow adiposity in another system using intratibially implanted ARCaP(M) cells. These cells are known to exhibit mixed osteoblastic/osteolytic phenotype in vivo, and thus better reflect the bone metastatic phenotype in humans [35, 36] . As expected, under LFD conditions, ARCaP(M) tumor nests remained embedded within the bone matrix with X-ray and histological evidence of both osteolysis and new bone acquisition (Fig. 1a-e) , whereas HFD tumors exhibited extensive destruction of the bone (Fig. 1f-j) . For validation of these findings we measured the area of each tibia that is not occupied by the tumor and confirmed significant reduction in intact bone tissue in tumor-bearing HFD mice as compared to LFD mice ( Supplementary Fig. 1 ). This is in line with our previous report of adiposity-stimulated bone destruction in mice bearing PC3 tibial tumors [20] . For more in-depth analysis of the effects of marrow adiposity on bone osteolysis we performed TRAcP staining of tibial cross sections from ARCaP(M)-and PC3-bearing mice and determined the numbers and localization of osteoclasts. In both ARCaP(M) and PC3 models established in LFD mice, TRAcP-positive cells localized to the bone-tumor interface and appeared as a string of cells surrounding the tumor (Fig. 1d, e, Supplementary Fig. 2c, e) . In sharp contrast to LFD tumors, a significant presence of osteoclastic clusters throughout the tumor and around the remaining bone fragments was revealed in HFD tumors (Fig. 1i , j, Supplementary Fig. 2d, f) . These findings were in line with X-ray and histology results and they suggest that HFDinduced marrow adiposity may be contributing to tumordriven osteolysis of the bone.
Adipocyte-derived factors enhance osteoclastogenesis and proteolytic activity of osteoclast-derived cathepsin K in vitro
To understand the effects of bone marrow adipocytederived factors on osteoclast differentiation, we performed in vitro osteoclastogenesis assays in the absence or presence of media conditioned by marrow adipocytes (Adipo CM). All assays were performed in the presence of RANKL and M-CSF, which are critical factors necessary for initiation of osteoclastic differentiation [37] . However, treatment with Adipo CM resulted in significantly enhanced osteoclast formation in comparison to standard control treatments with RANKL and M-CSF alone (Fig. 2a, b) . Microscopic evaluation and quantification of TRAcP-positive cells revealed that in the presence of Adipo CM, not only numbers but also the size of the osteoclasts were significantly increased in comparison to control conditions (Fig. 2c, d ). This was due to the enhanced BMM fusion, as evidenced by the presence of multiple nuclei and the increased expression of osteoclast fusion marker DC-STAMP [38] by the osteoclasts differentiated in the presence of Adipo CM ( Supplementary  Fig. 3 ). Adipo CM-driven acceleration of osteoclastogenesis was further evidenced by significant overexpression of genes known to be associated with osteoclast differentiation and bone remodeling, such as cathepsin K, calcineurin, and matrix metalloproteinase-9 [39-41] (Fig. 3a) . Since cathepsin K is a key osteoclast protease responsible for cleaving the collagen and non-collagen components of bone [42] , we also examined its protein expression and proteolytic activity in response to Adipo CM treatment. Our results revealed that Adipo CM-treated osteoclasts have more protein expression of both the 37 kDa inactive pro-cathepsin K and 28 kDa mature (active) form of the enzyme (Fig. 3b) . Importantly, increased protein expression of this protease in osteoclasts differentiated in the presence of Adipo CM correlated with induced proteolytic activity toward its substrate Z-Gly-Pro-Arg-AMC (Fig. 3c) . Collectively, these results suggest that adipocyte-derived factors enhance RANKL/M-CSF-mediated osteoclastogenesis.
Marrow adiposity is associated with increased levels of CXCL1 and CXCL2
We have shown previously that prostate tumor growth in bone under conditions of increased adiposity is associated with escalated levels of host-derived pro-inflammatory factors, such as CCL2 and COX-2, both of which have been implicated in osteoclastogenesis, regulation of bone metabolism, and tumor growth in bone [1] . This suggested that marrow adiposity is evoking changes in the host marrow microenvironment that are conducive to growth and survival of skeletal tumors, and prompted us to search for additional factors that may be involved in this process. Our Taqman RT PCR analyses revealed that two hostderived chemokines, CXCL1 and CXCL2, are particularly (Fig. 4a) . Interestingly, both of these factors have been previously associated with pro-metastatic properties [43, 44] , and have been recently suggested to play potential roles in osteoclast precursor migration and/or differentiation [28, 29] . To assure that an observed increase in CXCL1 and CXCL2 gene expression is host-specific we tested the CXCL1 and CXCL2 Taqman probes against human PC3 cells. Neither of the murine chemokines was detectable in PC3 cells (Supplementary Table 1 ). To mimic the in vivo interaction of bone marrow adipocytes with tumor cells, we grew the marrow-derived fat cells in a transwell co-culture with PC3 or ARCaP(M) cells. We then performed RT PCR analyses to determine the expression of adipocyte-derived CXCL1 and CXCL2. Our results revealed that gene expression of both chemokines is significantly upregulated upon adipocyte exposure to both PC3-and ARCaP(M)-derived factors (Fig. 4b) . To determine if upregulation of gene expression correlates with increases of secreted proteins we performed ELISA analyses on media conditioned by adipocytes alone as well as in co-culture with PC3 cells (Fig. 4c) . Both factors were observed to be efficiently secreted by the mature adipocytes (399.2 pg/mL DNA for CXCL1 and 3.111 pg/mL for CXCL2). In line with the RT PCR results, their secretion was further enhanced by the co-culture with tumor cells (7.5-fold and 54-fold increases for CXCL1 and CXCL2, respectively), suggesting the contribution of tumor celladipocyte interactions to the CXCL1/2 abundance in the bone microenvironment.
CXCL1 and CXCL2 chemokines stimulate osteoclast differentiation in vitro
To determine if CXCL1 and CXCL2 are directly involved in accelerating osteoclastogenesis, we differentiated osteoclast precursor cells in the absence and presence of recombinant versions of these chemokines. Results of TRAcP staining demonstrated that treatment with either recombinant CXCL1 or CXCL2 clearly enhanced osteoclast maturation in comparison to control conditions (Fig. 5a-c) . It is noteworthy that although we did not observe significant increase in the total number of osteoclasts upon CXCL1 and CXCL2 treatment (Fig. 5d) , the numbers of large cells (i.e., larger than 0.6 mm 2 ) were significantly higher in the presence of CXCL1 and CXCL2 as compared to control conditions (Fig. 5e ). This observed increase in osteoclast size correlated with augmented expression of cathepsin K ( Supplementary Fig. 4 ), a result mirroring changes in expression of this protease upon exposure to Adipo CM (Fig. 3) .
To further demonstrate that adipocyte-derived CXCL1 and CXCL2 have a promoting effect on differentiation of precursor cells into mature osteoclasts we performed osteoclastogenesis assays in the absence or presence of neutralizing antibodies to each of the chemokines (Fig. 6a, Supplementary  Fig. 5 ). Significant decrease in Adipo CM-stimulated osteoclast differentiation was observed upon antibody treatment as shown by the marked decline in total osteoclast numbers (Fig. 6b) as well as size (Fig. 6c) . This implicates that CXCL1 and CXCL2 are at least partially responsible for the adipocyte-induced acceleration of osteoclastogenesis.
Osteoclastogenesis is partially regulated by the CXCR2 signaling axis CXCL1 and CXCL2 exert their functions by binding to the G-protein coupled receptor CXCR2 [24] . CXCR2 signaling has been previously shown to play a role in osteoclast formation by binding IL-8 in human monocytes [27] , but has not been well-investigated in the context of its other ligands, CXCL1 and CXCL2. Given our above-described findings demonstrating that CXCL1 and CXCL2 are involved in adipocyte-driven osteoclastogenesis, we examined if these effects can be abrogated by blocking their binding capability of CXCR2 receptor. We blocked the CXCR2 signaling using two separate approaches: neutralizing antibody and the CXCR2 antagonist SB225002. Effective doses of the antibody (5 lg/mL) and the antagonist (2.5 lM) were determined empirically and viability assays were performed to demonstrate that both compounds are well-tolerated by the osteoclast precursor cells at the concentrations used in osteoclastogenesis assays (Supplementary Fig. 6-7 ). In line with the results of CXCL1 and CXCL2 blocking, neutralizing the activity of CXCR2 receptor with either the antibody or the antagonist resulted in significant inhibition of osteoclastogenesis (Fig. 7a) . Both the total osteoclast numbers (Fig. 7b ) and the osteoclast size (Fig. 7c) were reduced significantly upon treatment with each of the compounds. To further validate the importance of CXCR2 signaling in the adipocyte-driven osteoclastogenesis we examined the effects of CXCR2 neutralizing antibody on adipocyte maturation in the presence of Adipo CM. Transcription levels of all 3 bone remodeling genes (calcineurin, cathepsin K and MMP-9) were significantly reduced with antibody treatment (Fig. 7d) . Similarly, protein expression (Fig. 7e ) and activity (Fig. 7f ) of cathepsin K were partially abolished by CXCR2 blocking. Collectively, these data further confirm the involvement of CXCR2 signaling axis in adipocyteinduced osteoclastogenesis.
Discussion
Dysregulated bone remodeling is a common complication of bone metastatic disease [1, 34, 45, 46] . In prostate cancer, 75-80 % of men with metastatic disease present with skeletal lesions [47, 48] and although most of these lesions appear osteoblastic, there is clear evidence that their formation is associated with an increase in osteoclastic activity [49] [50] [51] [52] . Increased marrow adiposity, a common feature of advanced age and metabolic pathologies is a known culprit in accelerated bone resorption [1, 3, [9] [10] [11] [12] . Although the age-driven conversion of red marrow to yellow marrow occurs predominantly in the appendicular skeleton [1, 3, 8] , even the red marrow contains significant amount (40 %) of fat [53] . Notably, fat depots in the bone marrow generally localize to highly resorptive trabecular area of the bone [3] , and both the adipocyte-rich red marrow areas of axial skeleton [21, 54] as well as the sites undergoing active bone remodeling are often a preferred loci of colonization for metastatic tumor cells [55, 56] . We have shown previously that increased marrow adiposity due to HFD accelerates growth and progression of PC3 prostate tumors in bone [20] . Importantly, and in line with results reported previously by others [21, 54, 57, 58], we specifically demonstrated that interaction and lipid transfer between bone marrow adipocytes and tumor cells has growth and invasion stimulatory effects. This results not only in larger skeletal tumors but also extensive destruction of the bone [20] . Stemming from these findings, studies presented herein focused specifically on the contribution of bone marrow adiposity to tumor-induced osteolysis of the bone. We were able to demonstrate that mice with increased numbers of HFD-induced marrow adipocytes exhibit potentiated osteolysis of the bone implanted with either ARCaP(M) or PC3 tumors. We also showed that gene expression of host-derived CXCL1 and CXCL2 in intratibial tumors from HFD mice is distinctly higher that in tumors from LFD mice and that both CXCL1 and CXCL2 are highly produced and secreted by bone marrow adipocytes in vitro. We further revealed that media conditioned by bone marrow adipocytes significantly accelerates osteoclastogenesis, a process that can be mimicked by the treatments with recombinant CXCL1 and CXCL2 ligands. Notably, our results demonstrating the inhibition of adipocyte-induced osteoclastogenesis by the CXCL1/2 neutralizing antibodies or agents directly blocking the function of CXCR2 receptor offered additional testimony to the importance of CXCR2 signaling in this process.
The role of CXCR2 and specifically its CXCL1 and CXCL2 ligands in osteoclastogenesis is not well understood. Only limited recent reports indicated that these chemokines may be playing important roles in osteoclast precursor migration and/or differentiation [28, 29] and promoting bone loss in periodontal disease [29] , rheumatoid arthritis [59] , and oral squamous cell carcinoma [60] . Even less is known about the functions of adipocytederived CXCL1 and CXCL2. CXCL1 has been reported to be markedly upregulated in 3T3-L1 adipocytes interacting with macrophages [61] , and to be associated with inflammatory phenotype of white adipocytes [62] , results suggesting its potential role in adipose tissue inflammation. Separate studies noted augmented CXCL2 levels in differentiating adipocytes and in adipocytes and peripheral blood mononuclear cells from obese individuals [63, 64] . This potential association of both chemokines with adipose tissue inflammation may be of high relevance to metastatic bone tumor microenvironment. We have previously demonstrated evidence of bone marrow macrophage-driven inflammation in skeletal prostate tumors that suggested a close interplay between inflammatory, osteolytic and tumor cell-driven events in the bone-tumor microenvironment [31] . We have also shown that increased marrow adiposity results in highly increased levels of host-derived MCP-1 and COX-2 in skeletal prostate tumors [1] . The results of the present study revealed that CXCL1 and CXCL2 are two additional host-derived pro-inflammatory factors significantly increased in prostate bone tumors under conditions of high marrow adiposity. This suggests that this potentiated inflammatory response in tumor skeletal niche may be due to the augmented marrow fat content.
It is noteworthy that in addition to marrow adipocytes, multiple cell types within the bone tumor microenvironment, including macrophages, endothelial cells and tumor cells, can be potential sources of CXCL1 and CXCL2 [23] [24] [25] [26] 65] , which might explain the observed large induction in the levels of these chemokines under HFD conditions in vivo (Fig. 4a) . It is well-known that macrophage-and endothelial cell-derived CXCL1 and CXCL2 play important functions in neutrophil recruitment to the tumor site [23, 26, 65] . Tumor cell-specific CXCL1 and CXCL2 appear to be important to metastasis and chemoresistance [25] . Secretion of CXCL1 and CXCL2 by all these cell types in the tumor is likely to be affected by the levels of fat in the marrow. Whether this results in a cumulative effect on osteolysis and tumor growth in bone is an underinvestigated concept that warrants further studies. However, regardless of potential contribution from other cell types, our in vitro results utilizing bone marrow-derived adipocytes clearly demonstrate specific roles for adipocytesupplied CXCL1 and CXCL2 in osteoclastogenesis. This is particularly evident by the results of significant abrogation of adipocyte-induced osteoclast maturation with neutralizing antibodies to each of the chemokines (Fig. 6) . Similar effects are observed by blocking the activity of the CXCR2 receptor (Fig. 7) , results that underline the importance of CXCR2 signaling in this process. It is possible that other CXCR2 ligands, specifically CXCL8 (IL-8) and CXCL5, could contribute to the adipocyte-induced effects on osteoclasts. Both chemokines have been shown to stimulate osteoclast differentiation and activity [27, 66, 67] and both are reported to be present in the adipose tissue; however their expression is associated primarily with non-adipose (stromal) component of fat tissue [68] [69] [70] . This suggests that marrow adipocyte-induced CXCR2 signaling in osteoclasts is likely driven by CXCL1 and CXCL2 chemokines. Additional studies are, however, needed to understand expression and function of CXCR2 ligands in bone marrow fat, which is distinctively different from white adipose tissue [1, 71] .
It is important to mention, that although diet-induced obesity (DIO) model utilized in this study is a welldocumented approach to induce significant marrow adiposity [4, 11, 18, 20] , we can not exclude potential systemic consequences of the diet itself on both the tumor growth and bone degradation. The roles of dietary lipids in prostate cancer development and progression are a subject of an ongoing debate [72, 73] . Future studies utilizing genetic models of obesity and age-induced models of marrow adiposity will provide more detailed understanding of adipocyte-derived CXCL1 and CXCL2 involvement in tumor-driven osteolysis of the bone. Bone marrow adiposity is emerging as a significant complication of advanced age, obesity and other metabolic pathologies. Although results presented herein did not directly address the dietary effects on bone metastatic niche, they did suggest that marrow adipocytes have potentiating effects on tumor-induced osteolysis of the bone through secretion of CXCL1 and CXCL2 chemokines and activation of CXCR2 receptor on osteoclast precursor cells. To our knowledge, this is the first study linking CXCL1 and CXCL2 with bone marrow adiposity and first to implicate CXCR2 signaling in promoting effects of marrow fat on progression of skeletal tumors in bone.
This work broadens the presently limited understanding of molecular mechanisms behind marrow adipocyte involvement in the regulation of bone homeostasis, and specifically in modulating tumor behavior in bone. Current treatment options for tumor-induced bone disease, including bisphosphonate zoledronic acid and the monoclonal antibody denosumab, although effective in reducing the incidence of skeletal related events (SREs) in prostate cancer, remain palliative [50, 52] . To date, CXCR2
antagonists have only been evaluated in a context of COPD and asthma [74, 75] , and it is unclear if direct targeting of this signaling axis in bone would prove to be an advantageous treatment option due to its roles in normal physiological processes. However, based on the results presented herein, and our previous reports on adipocyte and macrophage involvement in metastatic progression in bone [1, 20, 31] , it is becoming evident that designing therapies for bone metastatic disease may have to involve targeting multiple components of the skeletal niche. Specifically, combining anti-tumor agents with therapeutics that target adipocyte and osteoclast/macrophage pathways may prove more effective in eliminating debilitating symptoms, prolonging survival and ultimately eradicating this disease.
